A synchronous demodulation system is proposed and deployed for CO 2 dispersion interferometer on HL-2A, which aims at high plasma density measurements and real-time feedback control. In order to make sure that the demodulator and the interferometer signal are synchronous in phase, a phase adjustment (PA) method has been developed for the demodulation system. The method takes advantages of the field programmable gate array parallel and pipeline process capabilities to carry out high performance and low latency PA. Some experimental results presented show that the PA method is crucial to the synchronous demodulation system and reliable to follow the fast change of the electron density. The system can measure the lineintegrated density with a high precision of 2.0×10 18 m −2 .
Introduction
Measurement of electron density is an extremely important diagnosis research for the study of plasma equilibrium, stability, and confinement. From its value as well as temporal distribution, researchers could not only do various physical researches [1] , but also estimate the state of fusion device and give the feedback for plasma control.
Laser interference measurement, especially far-infrared laser interference measurement is an important diagnostic technique for plasma electron density measurement [2] . A heterodyne system, which consists of two individual HCOOH laser sources, has been installed on HL-2A for the density measurement [3] [4] [5] [6] . It suffers from fringe jump problems due to the long wavelength of the HCOOH lasers, when the plasma density changes rapidly. So a new dispersion interferometer (DI) based on CO 2 laser with short wavelength is proposed to obtain a more stable and reliable electron density measurement [7] [8] [9] [10] .
The signal processing system of DI is a key part to achieve real-time performance. A most common technique is the phase extract method based on zero-crossing [11, 12] which is simple and fast. It is to measure the phase through detecting zerocrossing points of the signal and getting time interval between the interferometer signal and the reference signal. Compared with traditional zero-crossing detection, the digital zero-crossing detection is able to minimize the interference of noise and harmonic using digital filtering or adaptive phase-locked filtering technique. However, the ambiguity in selecting zero-crossing events may cause mistakes in the measurement. This problem limits the maximum phase change rate it can follow.
A lock-in amplifier is another choice in this application. It is used to measure a single-frequency signal obscured by noise. Nevertheless, the analog lock-in amplifiers inherently have a transient recovery time due to the use of exponential filters, such as cascaded and decoupled RC filters. It requires about 10 periods to reach 99.9% of the final value. This is long in real-time feedback application.
In this study, we focus on the development of a new synchronous demodulation system, which aims at high precision electron density measurement for HL-2A. It is based on the phase adjustment (PA) method to synchronize the electronics with the interferometer signal. A fringe jump correction algorithm is applied in the field programmable gate array (FPGA) to measure the fast change of the line-integrated electron density. The synchronous demodulation system has passed laboratory test and the HL-2A experimental test. Figure 1 shows the basic principle of the new DI [9, 13] . The probe beams of the DI consist of a fundamental beam and a second harmonic beam. The second harmonic beam is generated by a nonlinear crystal [14] . A photoelastic modulator (PEM) with a stable modulation frequency is set after the nonlinear crystal to modulate only the second harmonics beam. After passing through the plasma, another second harmonic beam is generated by the second nonlinear crystal. The residual fundamental beam is eliminated by the following filter and the interference between the second harmonic beams is detected as
Principle of DI
where n e and L are the line averaged electron density and the optical path length in a plasma, respectively. A and B are constants which are determined by the detected intensities of the second harmonic beams. ω is the angular frequency of the laser beam and c p =e 2 /(2ε 0 m e c). j is the initial phase. ρ 0 and ω 0 are the optical retardation and the drive frequency given by the PEM. The amplitudes of the fundamental I 1 and the second harmonics I 2 are given as
p e where J 1 and J 2 refer the Bessel function of the first kind.
. The line-integrated density can be obtained from the ratio of these amplitudes:
Synchronous demodulation
According to section 2, the amplitude demodulation is the key process of the real-time feedback system of DI. The electronics based on synchronous demodulation method [15, 16] can extract the amplitude of a certain frequency signal at every sample point. Figure 2 shows the analysis process of the raw signals in the synchronous demodulator for DI. After the band-pass filter removing noise and direct current component, the signal can be described as follow:
I t I n t I n t sin 2 1 cos 2 . Then the signal I(t) is multiplied with sin(ω 0 t) and cos(2ω 0 t): Two low-pass filters eliminate the higher frequency components from these two products. Finally, we obtain the transmitted amplitude modulation signals, namely −I 1 /2 and I 2 /2.
PA method
In section 3, we assume that the interferometer signal has the same initial phase as the reference sine and cosine waves. Nevertheless, the delay of the modulated laser beam and the electronic signal transmitting make it difficult to ensure that the signals have the same initial phase. The initial phase mismatch θ is constant after the system starts up, but it varies when the system restarts. So the reference sine and cosine wave can be rewritten as sin(ω 0 t+θ) and cos(2ω 0 t+2θ). Then the measured results obtained from section 3 are changed to:
If θ is not equal to kπ (k is an arbitrary integer), the measured amplitudes will be smaller than expected. Furthermore, the ratio of the amplitudes M 1 /M 2 becomes an unexpected value which results in a false electron density measurement.
In order to eliminate the effect of the initial phase, a PA module is applied in the signal processing system. It adjusts the initial phase of the reference signal after the system starts with following steps:
1. Add a supplement phase β to the reference sine and cosine wave: sin(ω 0 t+θ+β) and cos(2ω 0 t+2θ+ 2β). 2. Measure and record the amplitudes M 1 and M 2 .
3. Adjust the phase β from 0 to π. 4. Find the maximum amplitudes M 1 and M 2 and adjust β to the corresponding phase.
To make sure the measured amplitudes M 1 and M 2 are stable, the entire adjustment process takes 1 s to finish in FPGA [17] . Figure 3 shows the analysis process of the synchronous demodulation system based on the PCI Express eXtension for Instrumentation (PXIe) bus. A wide bandwidth clock generator CDCE62005 in the phase-locked loop module is employed as the phase-locked loops to synchronize the sampling clock with the PEM reference signal. Then the reference clock passes through the PXIe backplane bus to the PXIe Demodulation Module. The detected signal is converted from the raw analog signal by an analog to digital converter after passing through an active band-pass filter. After that, the digital signal is multiplied with the sine and cosine waves in the FPGA. The phases of the digital sine and cosine waves are generated by the PA module. The products from the multiplier then pass through the finite impulse response (FIR) filter to obtain the amplitudes, M 1 and M 2 . The amplitudes are transmitted to PA module to adjust the supplement phase β when the system starts up. Next, the lineintegrated density can be computed from the ratio of these amplitudes. Finally, the Real-time Phase Jump Process [18] corrects the fringe jump errors and transfers the data to the PXIe controller through PXIe bus.
Hardware description of PA method
The PXIe embedded controller is a high-performance NI PXIe-8135 based on Intel Core i7-3610QE processor with up to 2 Gbyte s -1 slot bandwidth. The controller saves the data locally and communicates with the HL-2A tokamak general control system through fiber network for real-time density control and display.
Performance evaluations

Test experiments
An AFG3102C Tektronix two-channel arbitrary waveform generator (AWG) was employed to test the performance of the PA method. It is used to generate an artificial waveform imitating the interferometer signal induced by a plasma with linearly rising electron density. According to equation (1), the waveform data were obtained using MATLAB 2015a platform:
where A=0; ρ 0 =2.6299; ω 0 =2π×5×10 4 ; f nel = 10 kHz. The speed of line-integrated density change corresponding to the f nel is 1.40×10 24 m −2 s −1 . The artificial waveform is shown in figure 4 .
The artificial waveform data were downloaded to the AWG. Then the AWG generated the whole artificial interference signal and a 100 kHz square wave signal from another channel to simulate the PEM reference signal.
To test the performance of the PA module, the density was measured without using the PA module in figure 5(b) . The curve is distorted due to the initial phase difference θ in the reference signal sin(ω 0 t+θ) and cos(2ω 0 t+2θ). Figures 5(a) and (c) show that the measured density with the PA is in excellent agreement with the theoretical density. The maximum error between the measured density and the theoretical density with different phase mismatch is shown in figure 5(d) . The maximum error without the PA can reach up to 0.35×10 20 m −2 while the maximum error without the phase mismatch (PA) is better than 2.0×10 18 m −2 . This test proves that the PA method works properly, and is reliable to follow a fast change of the electron density.
Application experiments
The new DI with the PA method has been tested on HL-2A in the spring 2017 experiment campaign. The measurement results of two typical discharge cases in HL-2A tokamak have been obtained and it is reasonable to compare the results with the existing far infrared HCOOH laser heterodyne interferometer installed on HL-2A. Figure 6 shows the results from the DI and the HCOOH interferometer in shot 31183 with the disruption occurrence. The value of the average density measured by the DI is approximately 1.6 times of that of the HCOOH interferometer in a series of shots [19] . The difference of the probe beam paths is one of the possible reasons for the line-averaged density difference between the DI and the HCOOH interferometer. At the end of the curve (about 1.1 s), the lineaveraged density declines rapidly, indicating an extreme event. Figure 7 shows a shot (31197) with a stable plasma discharge. It appears that the line-averaged density change is smooth and steady in the plasma existing time which lasts about 2.5 s. The trends of the curves show good agreement.
Measurements performed with and without PA are presented in figure 8 and zoomed on density ramps to show the effect of the PA method in HL-2A experiments. The 'DI without PA' curve expresses disagreement with the 'far infrared' curve and cannot reflect the real electron density. The results prove the importance of the PA method for the new system.
Conclusions
A new synchronous demodulation system based on the PA method is developed for the DI on the HL-2A tokamak. The results demonstrate that the PA method is crucial to the synchronous demodulation system and reliable to follow the fast change of the electron density. It can measure the line-integrated density with a high precision of 2.0×10 18 m −2
. In HL-2A discharges, the new system with PA measured the density evolution of plasma correctly. The test results demonstrate the new short-wavelength interferometer system's capability to track the plasma density with a rapid change.
